Hepatocellular carcinoma (HCC) most commonly arises from chronic inflammation due to viral infection, as a result of genetic and epigenetic abnormalities. A global picture of epigenetic changes in HCC is lacking. We used methylated CpG island amplification microarrays (MCAMs) to study 6458 CpG islands in HCC and adjacent preneoplastic tissues [chronic hepatitis (CH) or liver cirrhosis (LC)] in comparison with normal liver tissues where neither viral infection nor hepatitis has existed. MCAM identified 719 (11%) prominent genes of hypermethylation in HCCs. HCCs arising from LC had significantly more methylation than those arising from CH (1249 genes or 19% versus 444 genes or 7%, P < 0.05). There were four patterns of aberrant methylation: Type I (4%, e.g. matrix metalloproteinase 14) shows a substantially high methylation level in adjacent tissue and does not increase further in cancer. Type II (55%, e.g. RASSF1A) shows progressively increasing methylation from adjacent tissue to HCC. Type III (4%, e.g. GNA14) shows decreased methylation in adjacent tissue but either similar or increased methylation in HCC. Type IV (37%, e.g. CDKN2A) shows low levels of methylation in normal tissue and adjacent tissue but high levels in HCC. These DNA methylation changes were confirmed by quantitative pyrosequencing methylation analysis in representative 24 genes and were analyzed for correlation with clinicopathological parameters in 38 patients. Intriguingly, methylation in the Type IV genes is characteristic of moderately/poorly differentiated cancer. Our global epigenome analysis reveals distinct patterns of methylation that are probably to represent different pathophysiologic processes in HCCs.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common human malignancies worldwide. It is mostly associated with viral infection, which causes chronic inflammation and might be related to genetic or epigenetic alterations. There is accumulating evidence for the multistep nature of HCC (1). A long-term follow-up study revealed that liver cell dysplasia or adenomatous hyperplasia, both of which are known to be precancerous lesions of the liver with the histological findings of chronic hepatitis (CH) and/or liver cirrhosis (LC) transformed to cancer (2) . Mutations in the critical tumor suppressor genes, TP53 or Rb gene, were observed in a late stage of HCC (3), whereas loss of heterozygosity was detected even in CH or LC (4, 5) . Notably, not all these genetic alterations can be detected in HCC, suggesting that there might be multiple carcinogenesis pathways contributing to HCCs.
Aberrant DNA methylation of promoter CpG islands has been described in human cancers. This epigenetic alteration is associated with gene silencing, and together with point mutations and deletions, serves as a mechanism leading to the inactivation of tumor suppressor genes and critical cancer-related genes in human cancers. Dysregulation of these hypermethylated genes has been connected with essential tumor properties such as tumor cell proliferation, antiapoptosis, neo-angiogenesis, invasive behavior and chemotherapy resistance (6, 7) . Previously, we demonstrated aberrant methylation even in adjacent histologically normal liver tissues, CH or LC, regardless of the viral status (5) . DNA methylation in adjacent non-cancerous liver tissue of HCC has also been reported from other groups and is now accepted as early and ubiquitous events in cancer development (8, 9) . The profiling of CpG island methylation in human cancers implies that some genes are more frequently methylated than others and that each tumor type is associated with a unique set of methylated genes (10) . Despite numerous examples of methylation-associated genesilencing events in human cancers including HCC, little is known about the global picture of hypermethylated genes in HCCs.
This leaves the question as to which and how the DNA methylation target genes behave and contribute to tumorigenesis; in other words, to what extent these early epigenetic changes are retained in the developed cancers and which subclasses are most affected. To address this question, we conducted genome-wide screening for aberrantly methylated genes in cancerous tissue and corresponding adjacent non-cancerous tissue (CH and LC) from HCC patients using methylated CpG island amplification microarray (MCAM) technique. This technique simultaneously reduces complexity and increases specificity by targeting methylated CpG islands before amplification. Although there are intrinsic limitations of MCAM in that methylated CpG island amplification (MCA) theoretically can cover 80% of CpG islands and the microarray platform has limited gene representation, we found that MCAM provides reproducible results with a high validation rate and could successfully detect the genes methylated in normal tissues as well as cancer cells (11, 12) .
In addition, we performed quantitative pyrosequencing DNA methylation analysis in representative 24 identified genes in 38 HCC patients and assessed the relationship between DNA methylation status and clinicopathological background in those patients. Our extensive analyses revealed that aberrant DNA methylation is a frequent event in both early and late stages during the liver malignant transformation and that CpG island promoters appear to be methylated in different patterns during progression of the disease, which may represent different pathophysiologic processes. Moreover, these data suggest that different mechanisms for acquisition of this epigenetic change act during cancer formation.
Materials and methods

Tissue samples
Paired samples of adjacent non-cancerous liver tissue and cancerous tissue were obtained from 38 patients with HCC who underwent surgical resection at the Aichi Cancer Center Hospital, Nagoya, Japan in accordance with the institutional policy (supplementary Table 1 is available at Carcinogenesis Online). All patients provided written informed consent. Histologic examination of the non-cancerous liver tissues revealed no remarkable findings (N) or findings compatible with CH or LC in 2, 19 and 17 cases, respectively. Hepatitis B virus (HBV) surface (HBs) antigen and anti-hepatitis C virus (HCV) antibody were measured serologically. In addition, samples of normal liver tissue were also obtained from eight patients without HBV or HCV infection who underwent partial hepatectomy for liver metastasis of primary colon cancer. Tissue samples were flash frozen and stored at À80°C. Genomic DNA was extracted using a standard phenol-chloroform method.
Cell lines and culture conditions
Two hepatoma cell lines, HepG2 and Huh7, were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA), plus 10% fetal bovine serum in plastic tissue culture plates in a humidified atmosphere containing 5% CO 2 at 37°C. Huh7 was the kind gift of Dr. Tetsuro Suzuki (National Institute of Infectious Diseases, Tokyo, Japan). HepG2 was obtained from the American Type Culture Collection (Manassas, VA).
Trichostatin A and 5-aza-2#-deoxycytidine treatment of cells Cells were seeded 12-24 hours before treatment. Cells were then treated with either: (i) 1 lM 5-aza-2#-deoxycytidine (5Aza-dC; Sigma-Aldrich, St Louis, MO, USA) or phosphate-buffered saline for 72 h. Media containing 5Aza-dC or phosphate-buffered saline was changed every 24 h; or (ii) 300 nM trichostatin A (TSA; MP Biomedicals, Solon, OH) or an identical volume of ethanol for 24 h.
MCAM
MCA was carried out using DNA from Huh7, paired samples of adjacent noncancerous liver tissue and cancerous tissue from 10 HCC patients (P1, P3, P9, P16, P17, P18, P22, P25, P26 and P33, supplementary Table 1 is available at Carcinogenesis Online) and two normal liver samples ( Figure 1A) . Six of 10 patients developed cancer from LC and 4 patients developed cancer from CH. Nine patients have HCV infection and one patient has neither HBV nor HCV infection.
A detailed protocol of MCA was described previously (13) . Briefly, 2 lg of genomic DNA was digested with 100U of methylation-sensitive restriction endonuclease SmaI (New England Biolabs, Ipswich, MA) for 8 h at 20°C two times, which cuts unmethylated DNA and leaves blunt ends (CCC/ GGG). Subsequently, the DNA was digested with 20U of methylation-insensitive restriction endonuclease XmaI for 9 h at 37°C, which creates sticky ends (C/CCGGG). Five hundred nanogram of digested DNA was ligated. After filling in the overhanging ends of the ligated DNA fragments at 72°C, DNA was amplified at 95°C for 3 min followed by 25 cycles of 1 min at 95°C and 3 min at 77°C using 100 pmol of RMCA24 primer. MCA products were labeled with Cy5 (red) for adjacent non-cancerous liver tissue, cancerous tissue or Huh7 DNA and Cy3 (green) for reference DNA from gender-matched normal liver tissues using a random primed Klenow polymerase reaction (Invitrogen) at 37°C for 3 h. Labeled samples were then hybridized to the 88K human promoter array (G4475A, AMADID 013902 and 013903, Agilent Technologies, Santa Clara, CA) in the presence of human Cot-1 DNA for 40 h at 65°C. This human promoter array contained 60mer oligonucleotide probes covering the region close to the transcription start sites (TSSs) (À1.0 to þ0.3 kb) for 18 300 annotated human genes (12) . Probe information was downloaded from Agilent website (http:\\www.agilent.com). Each probe is blast against all sequences in SmaI/XmaI database using standalone blastall v2.2.8 program downloaded from National Center for Biotechnology Information (/data/bioinfo/SequenceTools/blast/). Probes with multiple BLAT hits were excluded from further study. Probes residing in SmaI/XmaI fragments are identified with the annotation for fragment length, CpG island and repetitive sequences. The criteria for CpG islands used in this study were defined previously (14) . Finally, we selected probes, of which at least one of the encompassing SmaI/XmaI sites is on CpG island. We calculated each SmaI/XmaI site relative to the TSS and found that .90% of these SmaI/XmaI sites on CpG island were within 1 kb from TSS. After washing the array according to the manufacturer's protocol, arrays were scanned on an Agilent scanner and analyzed using Feature Extraction software and normalization was done using a linear per-array algorithm according to the manufacturer's protocol (Agilent Technologies) (12) .
Criteria for DNA methylation pattern To assess the DNA methylation pattern from the microarray signal, we determined the criteria for each methylation pattern as follows. Type I: early pattern genes, either the average signal ratio for each gene (Cy5/Cy3) in both cancerous tissue (Ca-R) and adjacent tissue (Adj-R), were .2.0 or Ca-R . 2.0, and the difference between Ca-R and Adj-R was ,15%; Type II: progressing pattern genes, Ca-R . 2.0, Adj-R . 1.1 (at least methylation level of Adj-R methylation level is higher than that of normal liver) and Ca-R . Adj-R, exclude the early pattern genes; Type III: contrary pattern genes, Ca-R . 2.0 and signal ratio of Cy3/Cy5 (normal/adjacent) in adjacent tissue .1.5 and Type IV: cancer-specific pattern, Ca-R . 2.0 and Adj-R 1.1. These criteria are consistently matched with the types, which were classified by the average methylation level of 24 genes by pyrosequencing quantitative analysis in 10 patients, confirming the validity of these criteria.
Method of unsupervised two-dimensional clustering
Cluster analysis was performed using an agglomerative hierarchical clustering algorithm (15) . For specimen clustering, pairwise similarity measures among specimens were calculated using Cluster 3.0 software (http://rana.lbl.gov/ EisenSoftware.htm) based on DNA methylation intensity measurements across all significant 719 genes (average signal ratio of the cancer samples .2.0). A dendrogram and heat map were constructed using TreeView software (http:// rana.lbl.gov/EisenSoftware.htm).
Pathway analysis using MetaCore
We analyzed the hypermethylated genes whose signal ratio (Cy5/Cy3) is .2.0 using a functional mapping tool, MetaCore (GeneGO, St Joseph, MI), to identify novel gene networks composed of biological pathways of precancerous and cancerous stages (16) . MetaCore is a web-based computational platform designed primarily for the analysis of high-throughput experimental data in the context of human regulatory networks and pathways. It includes a curated database of human protein interactions, metabolism and bioactive compounds. For a network of a given size, MetaCore can be used to calculate statistical significance based on the probability of the network's assembly from a random set of nodes (genes) and the same size as the input list (P value).
Bisulfite pyrosequencing methylation analysis
We performed bisulfite treatment as reported previously (17, 18) . Briefly, 2 lg of genomic DNA was incubated with 3 M sodium bisulfite (pH 5.0) for 16 h at 50°C. DNA was purified using a Wizard Miniprep Column (Promega, Madison, WI), precipitated with ethanol and resuspended in 30 ll of diluted water. DNA methylation level was measured by a highly quantitative method using Pyrosequencing TM technology (Pyrosequencing AB, Uppsala, Sweden) (19) . For pyrosequencing, the biotinylated polymerase chain reaction (PCR) product was captured on streptavidin-coated beads (Amersham Biosciences, Uppsala, Sweden) and run on the PSQHS pyrosequencing system (Biotage, Uppsala, Sweden) to obtain the degree of methylation. Primer sequences are shown in supplementary Table 2 (available at Carcinogenesis Online). All the primers were designed to assay the methylation status of CpGs within 0.4 kb from the TSS. Global DNA methylation was measured by the LINE1 methylation status (18) . hMLH1 is used as a negative control for methylation analysis (5). The methylation levels at different C sites measured by pyrosequencing were averaged to represent the degree of methylation in each sample for each gene. For each assay, setup includes positive controls (samples after SssI treatment; New England Biolabs) and negative controls (samples after whole-genomic amplification using GenomiPhi V2; GE Healthcare, Piscataway, NJ), mixing experiments to rule out bias and repeat experiments to assess reproducibility. Optimizing annealing temperature for PCR is used to overcome PCR bias (20) . Methylation status determined by pyrosequencing assay was analyzed as both continuous variable (methylation level) and categorical variable (methylation negative: methylation level ,12%, methylation positive: level !12%). The 12% cutoff was selected because lower values could not be easily distinguished from background.
Reverse transcription and quantitative PCR analyses
Total RNA was isolated using TRIzol (Invitrogen). Two micrograms was reverse transcribed with moloney murine leukemia virus reverse transcriptase (Promega) to make complementary DNA. TaqMan quantitative PCRs and SYBR GREEN quantitative PCRs were carried out in duplicate for the target genes using the following primers: RASSF1A (forward CCTCTGTGGCGACTTCATCTG, reverse TAGTGGCAGGTGAACTTGCAA, probe CCTGCAGTGCGCGC); P16 (forward CGCTGCCCATCATCATGA, reverse CCAACGCACCGAATAGTTACG, probe CTGGATC-GGCCTCC); matrix metalloproteinase 14 (MMP14) (forward GCAGAAGTTTTACGGCTTGCA, reverse TCTGGAACACCACATCGGG); TBX4 (forward GCCGCGGAGCAGACC, reverse GGTGCCCGCCTCGTG); GNA14 (forward GGAGATCGAGCGACAGCTT, reverse TTCGTGAACCCCT-TTCTGTC) and CCNA1 (forward GGGCTCCCAGATTTCGTCTT, reverse GACCTCGGGCCACTGTAGC) (Applied Biosystems, Foster City, CA).
Mutation analysis P53 mutations were examined in complementary DNA from HCC samples by direct sequencing using primers, P53-cDNAf, TGCATTCTGGGACAGCCA, and P53-cDNAr, CCACGGATCTGAAGGGTGAA, which amplify from exon 4 to exon 9. Genomic DNA sequence was also examined by direct sequencing using the following primers: P53-Ex5f, CACTTGTGCCCTGACTTTCA; P53-Ex5r, AACCAGCCCTGTCGTCTCT; P53-Ex6f, AGGCCTCTGATTCCT-CACTG; P53-Ex6r, GCCACTGACAACCACCCTTA; P53-Ex7f, AAAAG-GCCTCCCCTGCTT; P53-Ex7r, GTGTGCAGGGTGGCAAGT; P53-Ex8f,
TGATTTCCTTACTGCCTCTTGC and P53-Ex8r, AAAAGTGAATCTGAG-GCATAACTG.
Statistical analysis
All statistical analyses were done using GraphPad Prism software for Windows (version 3.03; GraphPad Software, San Diego, CA). Associations between methylation status and clinicopathologic variables were analyzed by Fisher's exact test or Kruskal-Wallis test. All reported P values were two sided, and P , 0.05 was considered statistically significant.
Results
Validation of MCAM analysis in HCC samples
In an initial validation of the MCAM method in HCC samples, first, we examined signal intensity on each probe located inside of SmaI/ XmaI fragments (length from 20 bp to 10 kb) to evaluate efficacy of the MCA technique ( Figure 1A and supplementary Figure 1 is available at Carcinogenesis Online). Significantly increased signal Global DNA methylation analysis in HCC intensity was observed on probes corresponding to fragment sizes of 2 kb in MCA product, implying that probes hybridized with MCA product of these sizes can be analyzed accurately on our system (supplementary Figure 1A is available at Carcinogenesis Online). We further annotated all the restriction enzyme (SmaI/XmaI) sites for CpG islands and repetitive elements over the whole genome and excluded probes corresponding to repetitive elements. Finally, we predicted that 16434 probes corresponding to 6458 unique genes on the 88K promoter array fitted the above criteria and would be informative for our MCAM analysis (see Materials and Methods).
Location in relation to a TSS is now recognized to be extremely important (21) . Depletion of nucleosomes just upstream of TSSs (nucleosome-free region) has recently been observed in genome-wide screens (22) . It seems probably that the absence of at least one nucleosome (corresponding to 150-200 bp) is necessary for gene transcription (23) . To evaluate the location of SmaI/XmaI sites in relation to TSS, we analyzed the distance from the TSS of the reference gene to the closest SmaI/XmaI sites of each probe and found that $44% of at least one of the encompassing SmaI/XmaI sites were within 200 bp away from the TSS (supplementary Figure 1B is available at Carcinogenesis Online).
Next, to determine the criteria for most accurate identification of hypermethylated loci, we performed bisulfite pyrosequencing on 56 genes, which were selected from the array with a different range of signal intensity and ratio of Cy5/Cy3 (supplementary Figure 1C is available at Carcinogenesis Online). We found a good correlation between the microarray and pyrosequencing results. Specificity and sensitivity were calculated by each signal ratio from the microarray analyses and revealed a signal ratio of .2.0 as an optimal criterion for a methylation-positive spot on our microarray analysis (supplementary Figure 1D is available at Carcinogenesis Online).
Analyses of DNA methylation targets by MCAM in paired adjacent non-cancerous tissue and cancerous tissue from 10 HCC patients To assess the global DNA methylation targets in HCCs, we performed MCAM in paired adjacent non-cancerous tissue and cancerous tissue from 10 patients (Figure 1 ). Histologic examination of the noncancerous liver tissues revealed findings compatible with hepatitis or cirrhosis. We selected the patients whose non-cancerous tissues had typical pathological findings of either CH or LC. In particular, we carefully collected the sample of cirrhotic nodule from cirrhotic liver. Each HCC averaged 927 hypermethylated genes (range 371-2314), whereas non-cancerous samples averaged 444 hypermethylated genes (range 78-860). The number of positive genes was obviously different between patients who developed cancer from CH and those who developed cancer from LC ( Figure 1B ) in both cancerous tissues (average 444 genes and 1249 genes in HCC-CH and HCC-LC, respectively; P , 0.05) and in adjacent tissues (average 275 genes and 557 genes in CH and LC, respectively; P , 0.05). These hypermethylated genes were almost equally distributed across all the chromosomes in both adjacent tissue (range 2-7% of total probes) and cancerous tissue (range 7-16% of total probes; Figure 1C ).
An unsupervised, hierarchical clustering algorithm revealed that the cancerous tissue samples can be divided into two distinct groups on the basis of DNA methylation status ( Figure 1D ). One group with a large number of methylated loci consisted of only patients who developed cancers from LC background (four HCC-LC patients), whereas another group with less methylated loci consisted of four HCC-CH patients and two HCC-LC patients. The latter group is closer to the clusters of adjacent tissues. The Huh7 cell line was clustered closer to the former group than the latter. However, this could be due not only to its original pathological status but also to accumulation of methylated genes during long passage.
The number of positive genes and cluster analysis lead to the hypothesis of two distinctive pathways in HCC, which might reflect the histological findings of the non-cancerous background liver where the cancer cell arose. HCC-LC tends to be associated with a high frequency of DNA methylation, whereas the other (HCC-CH and a part of HCC-LC cases) is less dependent on DNA methylation.
Hypermethylated genes were classified into four distinct patterns in paired adjacent non-cancerous tissue and cancerous tissue from HCC patients MCAM preferentially and validly detect hypermethylated loci, as methylated loci of DNA are selectively amplified with MCA (11-13).
In the current study, we first focused on hypermethylated genes in cancers, the genes that might be associated with cancer formation through inactivation of the genes by DNA methylation. We then evaluated the methylation status of those genes in adjacent tissues to see how DNA methylation behaves during progression of disease. At least four distinct signal patterns were recognized on the microarrays: (i) hypermethylation (i.e. red) and hypomethylation (i.e. green); (ii) hypermethylation and the same level of methylation as normal controls (i.e. black); (iii) hypermethylation and slight hypermethylation (i.e. light red) and (iv) hypermethylation and hypermethylation in the cancerous tissue and the adjacent tissues, respectively (Figure 2A ). To gain insight into these DNA methylation behaviors, 24 genes were selected from the 56 genes, which were used for validation of the microarray. These 24 genes were methylated in cancer samples with a high frequency and showed different patterns of signal ratio in the cancerous tissues and the adjacent tissues (supplementary Figure 1 is available at Carcinogenesis Online, the diagrams of the promoters of 24 genes were shown in supplementary Figure 2 is available at Carcinogenesis Online). The methylation level of the 24 genes in 38 HCC patients and in eight normal liver controls where neither viral infection nor hepatitis had existed was examined by pyrosequencing assay (Figure 2B and supplementary Table 3 is available at Carcinogenesis Online). Notably, a lower level of DNA methylation in LINE1 (24), which represents the overall methylation status (18) , was observed in cancerous tissues compared with the adjacent tissues or normal liver (supplementary Table 3 is available at Carcinogenesis Online). Consistent with the microarray analysis, we observed the above four distinct types of DNA methylation in HCC samples by pyrosequencing analysis.
The first type represents methylation that develops substantially at the transition between normal tissue and adjacent tissue and does not increase further in cancer (Type I, early pattern). The putative promoter region of microRNA hsa-mir-219-2 (mir-219), MMP14 and cell death-inducing DNA fragmentation factor alpha-like effector A (CIDEA), reflected this pattern. The second type shows progressively Global DNA methylation analysis in HCC increasing methylation from adjacent tissue to HCC (Type II, progressing pattern). A well-known tumor suppressor gene, RASSF1A, TBX4, carbonic anhydrase X (CA10), proenkephalin (PENK), developing brain homeobox 1 (DBX1), protein tyrosine phosphatase receptor type T (PTPRT) and PRDI-BF1 and RIZ homologous (PR) domain containing protein 14 (PRDM14) showed this pattern. In the third type, an unexpected pattern, a moderate or high level of methylation, was observed in normal livers, whereas the methylation level was low in adjacent tissue but increased in cancerous tissue (Type III, contrary pattern). Guanine nucleotide-binding protein alpha-14 subunit (GNA14), solute carrier family 16 member 5 (SLC16A5) and hypothetical protein, C9orf106, typified this pattern. In the fourth type, a high level of DNA methylation was observed only in the cancerous tissue, in contrast to little or no DNA methylation in adjacent tissue and normal liver tissue (Type IV, cancer-specific pattern). This pattern was found from important cell cycle regulators, CDKN2A (p16INK4A) and cyclin A1 (CCNA1), tumor necrosis factor receptor superfamily member 10C (TNFRSF10C; also known as decoy receptor 1, DcR1), bone morphogenetic protein 6 (BMP6) and several tumor-related genes (supplementary Table 3 is available at Carcinogenesis Online). Among 719 prominent hypermethylated genes with an average signal ratio of .2.0 in the cancer samples, 32 genes (4%), 396 genes (55%), 27 genes (4%) and 264 genes (37%) were classified into Type I, II, III and IV, respectively, implying that more than half the aberrant DNA methylation on CpG island had emerged in the precancerous stage, whereas $40% of DNA methylation was specific to cancer [gene names are available in supplementary Table 4 (available at Carcinogenesis Online)].
Reactivation of silenced genes by epigenetic drug
To examine whether the gene-silencing mechanism was related to DNA methylation, we treated the two hepatoma cell lines by DNA methylation inhibitor 5-aza-2#-deoxycytidine or the histone deacetylase inhibitor, trichostatin A, and examined gene expression in a candidate gene of DNA methylation ( Figure 2C ). Genes with little or no DNA methylation were all expressed in the two cell lines (data not shown). In contrast, genes with .80% of the methylation level were all silenced in the two cell lines, which were effectively reactivated by DNA methylation inhibition but responded little to trichostatin A treatment, consistent with the previous findings that only inhibitor of DNA methylation can reactivate the typical transcriptional repressive states associated with DNA methylation (25) .
DNA methylation status in association with clinicopathological parameters in 38 HCC patients Next, by focusing on the selected 24 genes, we examined DNA methylation status in association with clinicopathological parameters in 38 HCC patients using pyrosequencing analyses (Table 1 and supplementary Table1 is available at Carcinogenesis Online). In cancerous tissue, DNA methylation was more frequently observed in HCC-LC than in HCC-CH (14.9 genes versus 10.2 genes, P 5 0.01) as we found in the microarray analyses. As for virus status, there were significantly more methylated genes in cancers with HCV infection (9.8 genes, 14.6 genes and 11.3 genes in HBV, HCV and HBs antigen and anti-HCV antibody negative, respectively; P 5 0.019).
To clarify these relations more clearly, the histological findings of adjacent liver tissues, viral status and methylation frequency of individual patients were evaluated ( Figure 3A) . The highest frequency of DNA methylation (17.2 genes) was detected in HCC-LC with HCV infection compared with the other types of histological or viral status (P 5 0.007). These data support the idea that DNA methylation is accumulated in LC with a long period of chronic HCV infection and finally lead to tumorigenesis.
Having identified the four distinct types of methylation patterns during progression of the disease, we then assessed the association of these groups with clinicopathological parameters (Figure 3B and C). A clear difference in the number of methylated genes was observed between well-differentiated HCCs and moderately or poorly differentiated HCCs among 11 genes of the cancer-specific pattern type (3.2 genes versus 5.1 genes, P , 0.05). Interestingly, the difference was eliminated in comparison among the other types (I, II and III) or among the total 24 genes. In the early pattern type, mir-219, MMP14 or CIDEA, a significantly higher level of methylation was observed in LC compared with N or CH (mir-219, 87.0 versus 78.7%, P 5 0.012; MMP14, 28.4 versus 16.4%, P 5 0.017; CIDEA, 34.9 versus 24.9%, P 5 0.03; Figure 3C and supplementary Table 3 is available at Carcinogenesis Online). This is consistent with our global analysis showing more methylated loci in LC than in CH ( Figure 1B) . The difference was not observed in the other group of genes, suggesting that DNA methylation detected on the genes in this group might reflect the long period of chronic inflammation.
Gene network analysis for hypermethylated genes in HCC
To identify the predominant biological networks that are disrupted by DNA methylation and might be linked to tumorigenesis in HCCs, a pathway analysis was conducted on the genes with an average signal ratio of .2.0 in cancerous tissues or adjacent tissues. A series of putative networks with significant P values are shown in Figure 4A . Five biological process subgroups were involved as a target of DNA methylation with a highly significant P value. In particular, genes related to cell adhesion were commonly the target of DNA methylation in cancerous tissue and adjacent tissue. The genes involved in this pathway might play roles in early tumorigenesis in HCC. Figure 4B shows the methylation status of each gene in significant biological process subgroups. Multiple genes in the same family, wingless-type mouse mammary tumour virus integration site (WNT) family, Frizzled (FZD) family, integrin (ITG) family, calcium channel (CACN) family, N-acetylgalactosaminyltransferase (GALNT) family and claudin (CLDN) family, were simultaneously methylated in multiple cancers (range from 10 to 90%). Intriguingly, genes in the ITG family and CLDN family were methylated specifically in cancerous tissue, whereas genes in the other family were methylated in adjacent tissues as well as cancerous tissues, supporting the idea that DNA methylation contributed to multiple stages of cancer formation.
Discussion
In the present study, MCAM was used to investigate comprehensive profiling of DNA methylation in cancerous tissue and precancerous tissue from HCC patients. This technique enabled evaluation of the global methylation status on CpG island promoters with high specificity and sensitivity (11, 12) and demonstrated that aberrant DNA methylation was almost equally distributed across the chromosomes.
Validation by highly quantitative pyrosequencing analysis revealed that signal intensity in MCAM was well associated with the methylation level of the promoter regions. The accuracy of our MCAM data is consistent with our previous report showing high specificity and sensitivity by this technique (12) . We preliminarily performed an immunocapturing approach followed by DNA microarray analysis using cell line DNA (26) . However, we obtained fewer genes compared with MCAM, probably because of less efficiency of the blunt end ligation-mediated PCR during the process. Hypermethylation was more closely associated with tumorigenesis in LC than in CH, related to HCV infection. Cancers can be classified according to their degree of methylation, and those cancers with high degrees of methylation (CpG island methylator phenotype (CIMP)) represent a clinically and etiologically distinct group that is characterized by epigenetic instability (27) . Our MCAM showed that some patients (P1 and P18 in HCC-LC) are extensively methylated, suggesting CIMP exists in HCCs. However, MCAM analysis was limited Figure 2 . Genes in the cancer-specific pattern (Type IV) were more frequently methylated in moderately (M) or poorly (P) differentiated cancers than in well (W)-differentiated cancers (left). By contrast, genes in the other types (I, II and II) or all groups (total) were methylated almost equally regardless of cancer differentiation (middle and right). (C) Genes in early pattern (Type I) were more highly methylated in LC than in N or CH. Ã P , 0.05.
Global DNA methylation analysis in HCC to 10 patients. To establish the CpG island methylator phenotype in HCC, a more extensive analysis might be desired. Several studies have shown that HBV-related protein could induce a methylation event (28, 29) . HBx expression increased total DNA methyltransferase (DNMT) activities by upregulation of DNMTs and selectively promoted regional hypermethylation of specific tumor suppressor genes (29) . However, RNA levels of DNMT1 or DNMT3 have largely not proven useful in explaining aberrant patterns of DNA methylation in cancers (30) . Therefore, the relationship between viral status and induction of DNA methylation remains controversial. Nevertheless, our analyses clearly revealed that CpG island promoters are methylated in different patterns during progression of the disease, suggesting that multiple mechanisms were involved in the acquisition of epigenetic changes in HCCs.
Clinicopathologically, progression from CH/LC to dysplasias and finally to invasive HCCs has been observed in a long-term follow-up study (2) . This model implies progressive accumulation of genetic and epigenetic changes during continuous inflammation. Indeed, it has been suggested that stem and progenitor cells are especially at risk for cancer initiation during states of chronic inflammation (31) . In such a situation, repressive histone marks and aberrant DNA methylation could prevent proper differentiation and could predispose to further malignant development (32, 33) . We have reported CpG island methylation in adjacent histologically normal liver tissues, CH or LC as well as cancerous tissues from HCC patients (5) . Here, we expanded the previous findings by global DNA methylation analysis and revealed that DNA methylation in the gene groups (59%, Type I and II) was observed in precancerous lesions, whereas some genes (37%, Type IV) were specifically affected in progressed cancerous lesions. Among multiple molecular pathways in HCC (1,34), there might be a distinguishable pathway depending on DNA methylation during cancer development and progression.
We identified hundreds of hypermethylated genes in HCCs by MCAM, which preferentially detect hypermethylated genes in the samples. Our evaluation of the methylation status of those genes in adjacent precancerous lesions revealed that DNA methylation was not accumulating uniformly in each gene and was classified into four characteristic types ( Figure 5 ). These variations in the DNA methylation pattern may depend on the intrinsic susceptibility to de novo methylation in each gene (35) caused by multiple mechanisms for acquisition of epigenetic changes and could reflect events that are selected during tumor progression (36) .
In the early pattern (Type I), genes appeared to be methylated in the very early stage of the multistep process of HCCs. mir-219, a gene of this type, might be involved in early tumorigenesis since dysregulation of some microRNA associated with aberrant DNA methylation has been reported in human cancer cells (37) . A significantly higher level of methylation was observed in LC than in CH, suggesting that DNA methylation in this type may also reflect the long clinical course of persistent inflammation. In the progressing pattern (Type II), DNA methylation appeared to accumulate according to the progression of the disease. RASSF1A, a well-known tumor suppressor, or PRDM14, a member of PR domain family, and a homolog of PRDM2, a putative tumor suppressor (38) , were representative of this type. A subset of Second-messenger-mediated signaling Response to extracellular stimulus . P values (log 10 ratios) for each pathway, which were calculated based on the probability of the network's assembly, are described above. (B) Methylation status of each gene in the significant biological process. Each biological process is described above the column. Genes corresponding to each process are shown below the column. Gray bar and black bar indicate methylation frequency of each gene in adjacent tissue and cancerous tissue calculated from microarray data, respectively.
W. Gao et al. cells that acquired DNA methylation in these promoters could be prone to cancer formation. In the contrary pattern (Type III), the DNA methylation level was unexpectedly lower in the adjacent tissues than in normal liver. The reason why DNA methylation was reduced in adjacent tissue in this group is uncertain. It is possible that activation of the genes may be required during the persistent inflammation and regeneration of hepatocytes. Further study to clarify the biological significance of this type of genes may be worthwhile. Nevertheless, this pattern indicated that the DNA methylation level did not always increase during chronic inflammation with persistent viral infection in HCC patients. In the cancer-specific pattern (Type IV), genes were specifically methylated in cancerous tissues. This type includes the genes, which have been known for their key role in tumorigenesis, such as CDKN2A and CCNA1, suggesting that methylation of these genes is cancer relevant and appears to be required for the establishment and progression of cancers. Indeed, methylation in the Type IV genes is prominently associated with moderately/poorly differentiated HCC, whereas this correlation was eliminated in comparison among the other types of genes. Detection of CDKN2A promoter methylation in the adjacent tissues has been reported in two studies, including our own (5, 8) . However, methylation analysis in those studies was based on methylation-specific PCR, which is very sensitive (27) . The discrepancy in the methylation status of adjacent tissues might be due to the different technology used for methylation analysis. CpG island promoters appear to be methylated in different patterns during progression of the disease, which may represent different pathophysiologic processes. Moreover, methylation of each gene was observed in a different stage of the disease, suggesting that different mechanisms regulate acquisition of these epigenetic changes during cancer formation.
Gene ontology analysis has revealed unequal distribution of hypermethylated genes in HCC patients. Enrichment of genes classified in a specific pathway related to tumorigenesis led us to hypothesize that those genes might be a driving force in HCC. The frizzled-mediated WNT pathway is an evolutionary highly conserved pathway involved in the regulation of proliferation, motility, cell-cell interaction, organogenesis and axis formation (39) . Although the oncogenic role of the FZD/b-catenin pathway has been reported in HCC (40) , WNT-signaling pathways can act in an antagonistic manner (41, 42) and remain unclear in hepatocarcinogenesis. Further studies on the WNT or FZD genes silenced by DNA methylation will be of interest to define their role in HCCs. Integrin-mediated adhesion to the extracellular matrix reportedly plays important roles in regulating cell survival, proliferation and motility, although DNA methylation-mediated silencing of these genes is unknown (43) . Calcium signaling is involved in cell proliferation and cell death (44) . Inactivation of a calcium channel gene by DNA methylation has been implicated in cancer development (45) . In addition, we also found aberrant DNA methylation of several important genes, such as DUSP2 (supplementary Table 4 is available at Carcinogenesis Online) (46) and BMP6 (47), which are known to be closely associated with tumorigenesis, although not detected in a specific pathway. Early detection of aberrant DNA methylation in these critical genes in precancerous tissues might be highly beneficial for risk assessment of HCC.
In conclusion, this is the first global microarray-based DNA methylation analysis in human primary HCCs. We showed here using MCAM technique that aberrant DNA methylation is a frequent event during early to further progressed stages of malignant transformation of HCC. Although further studies are required to determine the functional significance of the hypermethylated genes, our semiquantitative MCAM analysis reveals a global picture of DNA methylation changes in HCCs and provides hundreds of promising markers that could be of diagnostic utility in HCCs and preneoplastic lesions.
Supplementary material
Supplementary Tables 1-4 and Figures 1 and 2 can be found at http:// carcin.oxfordjournals.org/ Fig. 5 . Schema of DNA methylation changes observed in progression of HCC. Most CpG islands in normal liver tissue from young individuals are unmethylated except a subset of genes, which was methylated according to the age or tissue specifically. In HCC, the dynamics of DNA methylation-mediated loss of gene function vary. DNA methylation in some genes starts in the earliest phases of tumor progression and is established even in non-cancerous liver tissue (Type I, early pattern), whereas that in the other genes might begin gradually (Type II, progressing pattern) or emerge only in cancer (Type IV, cancer-specific pattern). Intriguingly, in some genes, the methylation level was decreased in CH or LC and was increased again in cancer (Type III, contrary pattern). These distinct patterns of methylation probably represent different pathophysiologic processes. Open box, gray box and black box indicate methylation level in normal liver (NL), CH or LC and cancer (HCC), respectively.
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